cropland and pasture expansion, and human settlements (FAO and JRC, 2012) . The rate of 10 deforestation has weakened over recent years, but a further growing population will still 11 need more cropland to meet its energy and food demand (Lambin and Meyfroidt, 2011, 12 Levis, 2010), even though the total area needed depends on many highly uncertain socio-13 economic factors (Eitelberg et al., 2015) . In addition, the need for land-based climate change 14 mitigation byproviding biomass for bioenergy, conserving carbon-rich ecosystems from 15 agricultural expansion or enhancing terrestrial carbon sequestration by afforestation will be 16 an additional important driver of land-use change in future (Smith et al. 2014, Popp et al. 17 2014a). 18
Land-use and land-cover change (LULCC) is one of the key drivers of anthropogenic 19 greenhouse gas (GHG) emissions. LULCC-related emissions include direct and indirect 20 greenhouse gas emissions from agricultural activities such as livestock farming, manure 21 management, fertiliser use and paddy rice that contribute around 12% of today's total GHG 22 emissions and an additional ca. 10% arise as CO 2 emissions from deforestation (Smith et al., 23 2008 , Smith et al. 2014 , Tubiello et al., 2015 . Over the period from 1870 to 2014, for 24 example, emissions due to land-cover change were equivalent to nearly 30% of total 25 anthropogenic CO 2 emissions (Le Quéré et al., 2015 Quéré et al., , 2016 . To evaluate future emission from 26 land clearance or the potential of mitigating climate change through land-ecosystem carbon 27 uptake, or through avoided future emissions from deforestation, future land-use scenarios 28 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 3 of atmospheric chemistry. From a mass perspective, isoprene (2-methyl-1,3-butadiene, C 5 H 8 ) 1
is the most important compound, with an estimated emission strength of around 400-600 Tg 2 C a -1 (Guenther et al., 2012 Lathière et al., 2006 , Arneth et al., 2008 . A second important 3 compound group, monoterpenes, consist of two isoprene units (C 10 H 16 ) and have 4 considerably lower (but equally uncertain to isoprene) global total emissions (Arneth et al., 5 2008 ). 6
Once emitted, isoprene is primarily lost through oxidation by the hydroxyl radical, and in the 7 presence of sufficient NO x leads to the increased formation of tropospheric ozone (O 3 ), a 8 greenhouse-gas which is also toxic to organisms (Atkinson, 2000, Atkinson and Arey, 2003, 9 Jerret 2009, Ainsworth 2012). Through its atmospheric oxidation by hydoxyl, isoprene is 10 believed to reduce the capacity of the atmosphere to oxidize methane, thus enhancing 11 methane lifetime (Poisson et al., 2000) . However, uncertainty as to the extent to which 12 isoprene is a net sink for hydroxl radicals means that the extent of any reductions is not well 13 understood (Lelieveld et al., 2008; Fuchs et al., 2013) . Monoterpenes, but also isoprene, 14
contribute to the growth of secondary organic aerosol particles (SOA) (Carslaw et al., 2010, 15 Kulmala et al., 2005) . As aerosols scatter and reflect radiation but also function as cloud The BVOC total emission strength and underlying regional patterns are still largely unknown, 21 since large-scale observations are difficult to obtain or only indirectly possible. Isoprene 22 emissions, for instance, have been inferred from satellite remote sensing estimates of 23 formaldehyde (HCHO) in the air column. Formaldehyde is an isoprene oxidation product, but 24 interpretation of the signal is complicated by the need to combine such observations with 25 chemistry transport models and because of other processes, such as biomass burning, also challenges for BVOC, due to the lack of appropriate fast and easy-maintenance sensors that 30 would allow long-term measurements at different locations. From the available data today it 31 appears that the main source of isoprene emissions is in the tropics, temperate forests emit 32 in a medium range, while boreal forests emit less isoprene, but comparatively large amounts 33 of monoterpene (Guenther et al., 1995 Models of ecosystem BVOC emissions typically are based on algorithms that account for the 3 known strong leaf-temperature and, in case of isoprene and some monoterpene emitters, 4 radiation dependence, in combination with a number of other factors such as leaf age or 5 weather history (Niinemets et al., 2010) . These algorithms are parameterized either for the 6 leaf-or the canopy scale, and are combined with vegetation maps or dynamic global 7 vegetation models to simulate the necessary ecosystem properties (Arneth et al., 2008 , 8 Guenther et al., 2012 Niinemets et al. 2010 
Despite of the large effects of on emissions of isoprene and monoterpenes so far little focus 1 has been on comparing different future LULCC scenarios. In particular, future LULCC, 2 especially in the light of ambitious mitigation targets, will include not only deforestation but 3 also reforestation and/or expansion of bioenergy plantations. To study this further, we apply 4 the dynamic global vegetation model LPJ-GUESS (Smith et al., 2014) to examine how 5 emissions of isoprene and monoterpene compounds respond to changed global vegetation 6 cover, focusing especially on stylized scenarios of maximizing afforestation and reforestation 7 (jointly with avoided deforestation), as well as maximizing land used for growing dedicated 8 2 nd generation bioenergy plants. 9
Methods 10

LPJ-GUESS 11
We used the LPJ-GUESS modelling framework (Smith et al., 2014) , which simulates global 12 natural vegetation patterns as well as carbon and water cycles, on basis of climate data 13 input, atmospheric carbon dioxide concentration, nitrogen deposition and soil physical 14
properties. LPJ-GUESS is also able to simulate the emission of BVOCs in response to changing 15 climate and CO 2 -concentrations in the atmosphere. Isoprene production is calculated 16 adopting the algorithm from Niinemets et al. (1999) , based on the temperature and light 17 dependence as a function of the electron transport required for photosynthesis, and 18 temperature response adopted for rates seen for isoprene. The algorithm was supplemented 19 to include the frequently observed inhibition of emissions, seen at leaf scale, under 20 increasing atmospheric CO 2 (Arneth et al. 2007a ). Monoterpene emissions are calculated 21 using similar algorithms for their production rates, but accounting also for storage, as 22 described in Schurgers et al (2009 Representing harvest and grazing, 50% of the aboveground biomass on crops and pasture 32 areas, respectively, are removed each year and not returned into the soil through litter input. 33
Bioenergy crops were also assumed to be C3 or C4 crops, no woody bioenergy is considered 34 here, which for BVOC emissions is a conservative approach (Rosenkranz et al., 2015) . A PFT- 
Land-use scenarios 23
The land-use data over the 21 st century is derived from two models, the Model of 24
Agricultural Production and its Impact on the Environment ( achieved through bioenergy in combination with carbon capture and storage (BECCS). In a 5 third scenario a high land-based mitigation target is achieved by means of avoided 6 deforestation and afforestation/reforestation (ADAFF). In each scenario, a number of basic 7 constraints had to be met (e.g. food supply and a minimum area set aside for conservation). 8
For comparison, we also calculated BVOC emission changes using the "standard" LULCC 9 historical-to-future estimates provided for RCP2.6 as described in Hurtt et al. (2011; H11) . 10
The managed area fraction used in LPJ-GUESS (pasture, crops and irrigated crops) are derived 11 from the scenarios. Natural land, especially woody vegetation cover was not considered to 12 be managed for forest products in this version of the model. 13
Differences between the MAgPIE, IMAGE and H11 model frameworks 14
The IMAGE and MAgPIE mitigation scenarios are based on the SSP framework and attempt to 15 maximize land-based mitigation but no explicit mitigation target was set, resulting in 16 different land requirements. The variation in land requirements also reflects different 17 modelling approaches. In IMAGE, land-use allocation follows a rule-based approach 18 according to sustainability criteria, which implies that bioenergy production or afforestation 19 can only take place on land that is not needed for food production. In contrast, competition 20 for land between food production and land-based mitigation is explicitly modeled in MAgPIE 21 based on a cost minimization procedure. 22
The H11 scenario is based on the IMAGE RCP 2. GUESS dominant PFTs, for the end of 2100 are shown in Figure 1 . As expected, the 2 distribution differs strongly both between the scenarios, but also between the different LU 3 models. The reference scenario in MAgPIE and H11 are fairly similar in terms of cropland and 4 pasture distribution, but have some obvious differences e.g., in the assumption of where 5 crops are irrigated (for instance in India). By contrast, the reference IMAGE case shows a grasses, see methods). 23 Figure 2 shows the corresponding development of the total fraction of area under some form of crop 1 or pasture in all LU scenarios. At the end of the 21 st century, the total land area under agriculture is 2 smallest for the ADAFF scenarios and highest for the MAgPIE BECCS scenario, the latter being more 3 or less similar to the H11 land cover estimates. For only cropland area the development of almost all 4 the scenarios is equivalent to the development of the total fraction of area under some form of 5 agriculture, except for MAgPIE BECCS, were the cropland area fraction shows a strong increase from 6 2050 on and stays at an even higher value than H11. herbaceous vegetation cover. In the historical period the difference between H11 and the two IAMs 2 differ more for monoterpenes than isoprene due to small differences in vegetation cover in the 3 boreal biome (note also the different scales on the y-axes in Figure 3 ). Table 1 & 2). In 5 the ADAFF scenario emissions increase very strongly, especially for isoprene, until the end of the 21 st 6 century (Tables 1, 2) in both IAM stylized scenarios, with large differences arising from the 7 differences in projected total vegetation cover changes in MAgPIE and IMAGE. Not surprisingly, the 8 increase in BVOC emissions is dominated by woody PFTs. Emissions in the BECCS scenario show very 9 small changes in different directions, with total isoprene emissions increasing by 1% for IMAGE, but 10 decreasing by -1% in MAgPIE. Monoterpene emissions decrease by -2% (MAgPIE) and do not show 11 any change for IMAGE. In the same period the area fraction under agriculture increases by ~1.5%. 12
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
When considering cropped areas only (not irrigated) in the MAgPIE BECCS scenario emissions 13 increase by 89% for isoprenes and by 100% for monoterpenes. This increase in emissions is closely 14 linked to the area of cropland ( Figure 2 ), which increases from 10% to 17% in MAgPIE BECCS for the 15 same time period, but the effect on global emissions is small because of the low crop-PFT emission 16
factors. For IMAGE, the increase in emissions from crops is 45% for isoprene and 10% for 17 monoterpenes, while cropland increases by 5% compared to present day. The H11 land cover shows 18 globally the highest increase in area fraction under management (+3% compared to present-day) and 19 associated emissions decrease by -5% for isoprene and by -4% for monoterpene. Cropland increases 20 in H11 are about +5% compared to present day. 21 Overall, the larger the amount of agricultural area fraction on global scale, the lower are the 4 emissions of BVOCs. The difference between managed area fractions of the scenarios and the 5 differences in global emissions between the scenarios have a strong negative correlation as indicated 6 by the Pearson coefficient (Table 3) , with values between -0.92 and -0.98 for isoprene and -0.8 and -7 0.94 for monoterpene emissions. This correlation is stronger for isoprene than for monoterpene 8 emissions. Regarding regional differences, the correlations are strong for the tropical region, with 9 values ~-0.98 for both isoprene and monoterpenes, compared to values in the boreal region where 10 correlations for both isoprene and monoterpenes are between -0.6 and -0.64 (not shown). The 11 impact of LULCC on the emission of BVOCs seems bigger in the tropics than in other regions. 12 chemistry -but also that the type of vegetation grown in a certain region will affect emissions 24 substantially. For instance, if we compare our emission rates for C3 grasses, which we used 25 to calculate emissions from bioenergy crops to emission rates of bioenergy crops like short 26 rotation coppice (SRC) willow, the emissions in both BECCS scenarios would be significantly 27 higher. A recent study by Morrison et al. (2016) found isoprene emission factors of willow 28 growing at different locations in England between 0.1 and 16 μg g -1 h -1 , the upper value being 29 identical to emission factors we used for C3 crops (16 μg g -1 h -1 ). However, willow emission 30 factors well above 100 μg g -1 h -1 were found in other studies (see Table 6 The emission hotspot for isoprene is located in the tropics (Guenther et al., 1995) , and it is 3 thus not surprising that also the emission difference between the different LULCC scenarios 4 is largest there. It can be expected that different future trajectories would also impact on and the same can be speculated for land-cover change. Such a change in monoterpene 8 speciation would affect e.g., SOA formation and growth but is not considered in our 9 monoterpene emission algorithm. We therefore refrain from speculating on the implications 10 of our results for methane lifetime and SOA formation, recommending that dedicated 11 chemistry-transport studies are carried out to assess these important implications. 12
13
In summary, future pathways of LULCC highly affect the emission of BVOCs. As BVOCs play a 14 crucial role in atmospheric composition, a broader research focus is necessary, compared to 15 the few studies available to date. It seems evident that cropland expansion leads to 16 decreasing emissions, while afforestation leads to increasing emissions. However, not only 17 the impact of LULCC on the emissions itself is crucial, but also the choice of agricultural crop- Arneth, a., Monson, R.K., Schurgers, G., Niinemets, Ü., Palmer, P.I., 2008. Why are estimates of 6 global terrestrial isoprene emissions so similar (and why is this not so for monoterpenes)? Atmos. 7
Chem. Phys. 8, 4605-4620. doi:10.5194/acp-8-4605-2008 8
Arneth, A., Sitch, S., Bondeau, A., Butterbach-Bahl, K., Foster, P., Gedney, N., de Noblet-Ducoudrè, N., 9
Prentice, I. C., Sanderson, M., Thonicke, K., Wania, R., Zaehle, S.: From biota to chemistry and 10 climate: towards a comprehensive description of trace gas exchange between the biosphere and 11
atmosphere, Biogeosciences, 7, 121-149, doi: 10.5194/bg-7-121-2010, 2010. 12
Arneth, A., Schurgers, G., Lathière, J., Duhl, T., Beerling, D. J., Hewitt, C. N., Martin, M., Guenther, A.: 13 Global terrestrial isoprene emission models: sensitivity to variability in climate and vegetation, 14
Atmos. Chem. Phys., 11, 8037-8052, doi: 10.5194/acp- 11-8037-2011, 2011. 15 Ashworth, K., Folberth, G., Hewitt, Atkinson, R. and Arey, J.: Gas-phase tropospheric chemistry of biogenic volatile organic compounds: a 23 review, Atmos. Environ., 37, 197-219, doi: 10.1016/S1352-2310(03)00391- 1, 2003. 24 Barkley, M. P., Kurosu, T. P., Chance, K., De Smedt, I., Van Roozendael, M., Arneth, A., Hagberg, D., 25 Guenther Bellenger, H., Benshila, R., Bony, S., Bopp, L., Braconnot, P., Brockmann, P., Cadule, P., Cheruy, F., 14 Codron, F., Cozic, A., Cugnet, D., de Noblet, N., Duvel, J.-P., Ehté, C., Fairhead, L., Fichefet, T., Flavoni, 15
S., Friedlingstein P., Grandpeix, J.-Y., Guez, L., Guilyardi, E., Hauglustaine, D., Hourdin, F., Idelkadi, A., 16 Ghattas, J., Joussaume, S., Kageyama, M., Krinner, G., Labetoulle, S., Lahellec, A., Lefebvre, M.-P., 17 Lefevre, F., Levy, C., Li, Z. X., Lloyd, J., Lott, F., Madec, G., Mancip, M., Marchand, M., Masson, S., 18 Meurdesoif, Y., Mignot, J., Musat, I., Parouty, S., Polcher, J., Rio, C., Schulz, M., Swingedouw, D., 19 Szopa, S., Talandier, C., Terray, P., Viovy, N., Vuichard, N. The land-use component of the IMAGE framework is driven by demand for agricultural commodities, 16 most importantly food crops, animal products and bio-energy. Food crops and animal product 17
demand are modelled on a regional basis by the agro-economic model MAGNET, which takes into 18 intensification due to pressures on land availability, for example from policies for biodiversity 2 protection or REDD (Overmars et al 2014) . The demand for bio-energy is modelled by the energy 3 model TIMER. The land availability for bio-energy production is determined according to a set of 4 sustainability criteria (Hoogwijk 2004) : only land that has been used for agriculture in the past but is 5 not required for food production anymore, or areas with low carbon density are available. The 6 IMAGE-core model implements the demands for the various agricultural products (7 irrigated crop 7 groups, 7 rain-fed crop groups, grassland and sugarcane, grass and wood for bio-energy), on a 8 geographic grid of 5' by 5' arc-minutes according to a set of empirically based allocation rules 9 . Production of animal products is calculated using a detailed description of the 10 livestock sector (Bouwman et al 2005) . The expansion of built-up area is a function of scenario-11 specific population growth and urbanization. Forestry activities are also modelled on the grid, 12
including forest degradation and deforestation that cannot be explained by land use expansion for 13
agriculture. In addition, the IMAGE-core model internally calculates climate change using an adapted 14 version of the MAGICC 6.0 model, and a pattern scaling to derive grid-specific temperature and 15
precipitation. The gridded land use is aggregated to 30' by 30' arc-minute fractions for use in the 16 coupled dynamic vegetation model LPJml (Bondeau et al 2007) . Using land use and climate data, 17
LPJml models the carbon and water cycles, crop yields and natural vegetation dynamics. 18
In strict climate mitigation scenarios aiming for a maximum warming of two degrees by the year 19 2100, bio-energy production in combination with carbon capture and storage (BIO CCS) is an 20 important mitigation measure. IMAGE considers three types of bio-energy: ethanol from sugarcane 21 and methanol from lignocellulosic feedstock (grass or wood). The energy model TIMER uses land 22 availability, cost-based competition with other energy carriers and a carbon price to determine final 23 demand for bio-energy. While bioenergy can also be based on residues (Daioglou et al 2015) , here 24 the bioenergy demand can only be fulfilled by the three explicit feedstocks to achieve optimal 25 comparability between MAgPIE and IMAGE. 26
Carbon dioxide removal (CDR) from avoided deforestation and afforestation (ADAFF) is not 27 dynamically modelled in IMAGE 3.0. For this study, a stylized implementation is used to determine 28 the mitigation potential of ADAFF under different agricultural intensification pathways. A stepwise 29 approach systematically increases the potential in a set of scenario runs to identify the combination 30 of intensification measures that achieves a specific CDR target. First, degraded forest areas are 31 afforested. Secondly, the efficiencies of the livestock sector are gradually increased until maximum 32 productivity levels are reached. Thirdly, the yield gap in crop production is closed by gradually 33 increasing the intensity towards the maximum potential. Finally, the intensity of livestock pasture 34 use is gradually increased towards the maximum potential. The intensification pathways result in 35 avoided deforestation and abandonment of agricultural land that can be used for afforestation, 36 which is assumed to take place as natural regrowth of vegetation. Areas with high afforestation 37
potential are abandoned first to maximize cumulative CDR. Only biomes with considerable forest 38 cover are accounted as part of the afforestation flux (boreal forests, temperate forests, tropical 39 forests, savannahs). 40
MAgPIE: 41
MAgPIE is a global multi regional partial equilibrium model of the agricultural sector (Lotze- Campen 42 et al 2014). In MAgPIE, bioenergy demand can only be fulfilled by the production of dedicated grassy 26 and woody energy crops, i.e. residues from agriculture or forestry are not considered. Woody 27 bioenergy, however, is not deployed by the model in this study because grassy bioenergy features 28 higher yields at the same factor costs. 29
Putting a price on CO 2 emissions from deforestation increases the relative costs of cropland 30 expansion into forests compared to other land conversions (e.g. pasture to cropland). As the 31 objective function of MAgPIE is cost minimization, the model tries to avoid the conversion of carbon-32
rich forests under a carbon pricing scheme. The same mechanism can be used to incentivize 33 afforestation if carbon dioxide removal is rewarded besides punishing CO 2 emissions (Humpenöder et  34 al 2014, 2015). Afforestation is implemented in MAgPIE as managed regrowth of natural vegetation. 35 In this study, we use the same CO 2 • LULCC shows a huge effect on the emission of BVOCs.
• Expanding croplands may lead to decreasing BVOC emissions • Afforestation may lead to increasing BVOC emissions.
